ABSTRACT: As reported in Part I of this study, anionic surfactants are rapidly adsorbed and strongly retained on cationized lignocellulosic materials as a result of ionic interactions. Consequently, the initially hydrophilic surface of the sorbent is strongly modified by the adsorbed surfactant molecules. Hydrophobic interactions with this modified surface allow a second layer of surfactant molecules to be adsorbed via their alkyl chains. Many combinations are possible with different kinds of surfactants, with the highest adsorption capacity being obtained when zwitterionic surfactants are involved in the second step.
INTRODUCTION
Surfactants, which are widely used in almost all formulations, have a molecular structure that contains at least one polar head and a hydrophobic tail. As a result of their polar heads, not only are they capable of interacting with polar solid surfaces of an opposite charge, but mutual interaction between their alkyl chains leads to the formation of micelles in solution when the surfactant concentration is greater than the critical micellar concentration (cmc). When anionic surfactants are involved, they are capable of adsorption onto any cationic sites present on a sorbent particle. Such a process allows the removal of anionic surfactants from solution and eliminates their possible detrimental effect in wastewater treatment plants. For this reason, much research has been undertaken regarding the adsorption of such components onto mineral substances, e.g. active carbon, silica, sand, etc. A few articles have been published describing the use of organic sorbents for such purposes, e.g. wool carbonizing waste (Perineau and Gaset 1981; Perineau et al. 1981 Perineau et al. , 1982 , modified wood (Maurin et al. 1999) and some polymeric materials (Garcia-Delgado et al. 1992) .
In the first part of this study (Zghida et al. 2003) , we described the adsorption of anionic surfactants onto various lignocellulosic materials that had been cationized by the anchorage of quaternary ammonium groups onto their surfaces. It was shown that rapid saturation occurred in such systems leading to a stoichiometric proportionality brought about by ionic interaction between adsorbent sites and adsorbate molecules. In fact, desorption of these surfactant molecules was difficult due to the strength of such ionic interaction. At this point, the initially hydrophilic surface of the cationized lignocellulose had become hydrophobic allowing a second step to occur in the process, i.e. hydrophobic interaction between the already adsorbed surfactant molecules and free surfactant molecules in the liquid phase caused by the alkyl chains of such molecules.
Thus, in contrast to micelle formation, the resulting hemi-micelles were created as a result of a two-step process (Gu and Rupprecht 1990; Rupprecht and Gu 1991) .
Such a double adsorption process was reported earlier involving oleate anions onto cationized lignocelluloses (Zghida et al. 2002) . In the present paper, we describe the formation of such hemi-micelles with adsorbed surfactant molecules onto cationized lignocelluloses as well as the possibility of using two different surfactants in each step of the process.
EXPERIMENTAL Materials
Both anionic and zwitterionic surfactants were employed, i.e. sodium dodecyl sulphate (SDS), sodium dodecyl benzene sulphonate (DBS), sodium oleate (OS) and dodecyl dimethylammoniopropyl phenylphosphinate (Z). The characteristics of these surfactants are listed in Table 1 .
The same cellulosic supports as employed in Part I of this study were further used for the present work, i.e. cotton fibres, viscose fabric, wood sawdust and maize cob flour all cationized by reaction with epoxypropyltrimethylammonium chloride in dimethylformamide at 120°C for 2 h. Their adsorption capacities, C a , which corresponded to the number of cationic sites per g adsorbent, could be varied depending on the cationization conditions employed and are reported in Table 2 .
Methods
Adsorptions were conducted at ambient temperature (18-20°C) via two steps in batch experiments using 0.1 g adsorbent and a given volume of a synthesized aqueous solution of the surfactant. Tarasova et al. (1984) .
e Chevalier et al. (1988) .
For SDS, a bath ratio of 1/200 g/ml was employed, whereas this ratio was 1/1000 g/ml for all other surfactants studied. If we define the quantity of surfactant introduced into the system as Q i , the quantity adsorbed in the first step (Q a1 ) always corresponded to saturation of the adsorbent (Q a1 = C a ) as described previously. In the second step, the saturated adsorbent was either maintained in contact with the solution of the same surfactant or immersed in a given volume of an aqueous solution of another surfactant. Due to the weak association resulting from hydrophobic tail interactions, it was necessary to incorporate precautions into the procedure to avoid destruction of the hemi-micelles. Thus, the second step involved a period of rest (absence of stirring) of 6 h. Separation of the loaded support from the solution was then undertaken without agitation so as to avoid disturbing the support. Alternatively, an aliquot could be removed from the solution by means of a pipette. The quantity of surfactant adsorbed in the second step, Q a2 , could be deduced by titrating the amount remaining in the solution, Q r , after equilibration during the period of rest. These titrations were performed as mentioned previously (Zghida et al. 2003) for SDS, DBS and Z, while OS was estimated via an Uvikon 941+ spectrometer using an absorption wavelength (193 nm) corresponding to the double bond in the oleate structure (Zghida et al. 2002) . The total quantity adsorbed in both steps, Q at , was then compared to C a . Although all four different surfactants studied could be used in both steps of the procedure, our previous work (Zghida et al. 2003) had shown that the zwitterionic surfactant Z was poorly retained and for this reason it was not employed in the first step.
RESULTS AND DISCUSSION
The two adsorption steps involved in the process may be performed using a single surfactant that must be anionic in nature or with two different surfactants, the first also being anionic. Figure 1 and is now expressed in the same units as for Q a to take into account the bath ratio (mmol adsorbate/g sorbent). Figure 1(a) and (b) shows that the curve corresponding to Q a separated from the first bisecting line [Q i (mmol/g) = Q i (mmol/l)] as soon as saturation was attained. However, in contrast to the adsorption in the first step where the surfactant present in the solution was already totally adsorbed until saturation occurred, Q a2 depends on the actual quantity of surfactant in the solution: in this second step, a large excess of surfactant in the solution was necessary to reach a limiting value on the sorbent. This led to a change in the adsorption process after the first step, as is clearly shown by the adsorption isotherms depicted in Figure 2 . With SDS, the total quantity adsorbed, Q at , at saturation was 2.3-times the adsorption capacity C a , thereby demonstrating the formation of hemi-micelles (Table 2 ). This result is very close to that observed with OS (Zghida et al. 2002) which exhibited a corresponding value of 2.4. However, with DBS, the value of ca. 1.8 obtained was lower as might be expected from the lower aggregation number, n, for its micelles, with a value of 27 having been reported (Bi et al. 2001) compared to 69 for SDS (Shah et al. 2001) .
The ratio Q at /C a corresponded to the mean value of the aggregation number, n, of the surfactant molecules in the hemi-micelle, if it is assumed that each cationic site led to the formation of a hemi-micelle structure. Obviously, surface cationic sites can give rise to true hemi-micelles that develop at the solid/liquid interface. In contrast, however, internal cationic sites (and, in particular, those occurring in the bulk of the amorphous zones of the cellulosic sorbent) cannot adsorb the same number of surfactant molecules due to the size of the resulting hemi-micelle. A similar observation was made previously with respect to dye molecules adsorbed on the same cationized sorbents (Baouab et al. 2000 (Baouab et al. , 2001 : the large dye molecules were incapable of saturating all the cationic sites anchored on to the sorbent. As a consequence, the surface cationic sites must involve hemi-micelles with a higher number of surfactant molecules, so that the reported value of 4.5 for SDS onto polystyrene (Zhu et al. 1989) would also appear reasonable in the present case.
The general concept for sorption experiments, namely the use of a sorbent with the highest specific surface area possible, is even more important for the formation of hemi-micelles: at the same C a value, highly divided materials will be more efficient. All sorbents used in this study had approximately the same specific surface area (of the order of 1 m 2 /g) and did not present any differences in the Q at /C a ratio (see data listed in Table 2 ). et al. (2003) studied such competition for the first step using identical quantities of each surfactant in solution, but with the total quantity of surfactant being twice the adsorption capacity. The predominance of DBS (58.6%) over SDS (41.4%) observed was attributed to the higher hydrophobicity of DBS (Garcia-Delgado et al. 1992) . This tendency was inverted in the second step: increasing quantities Q i of the stoichiometric binary surfactant mixture (Q i = 2-4C a ) led to increasing proportions of SDS in the second layer as a result of its better self-aggregation relative to DBS. When the total quantity of surfactants Q i was 4C a , the global value Q at was again equal to ca. 2.2 but the proportion of DBS now only amounted to 30%. 
Competition between SDS and DBS

Zghida
Two-step adsorption of two different surfactants
After saturation of all the cationic sites with the first surfactant under stirred conditions (Q a1 = C a ), the support was then immersed in the solution of the second surfactant, stirred for 1 h and allowed to rest for a further 6 h. Due to the very strong adsorption in the first layer, no exchange occurred between the first and second surfactants employed successively. The quantity of the second surfactant available in solution influenced the final Q a2 value that was determined as mentioned above.
The data given in Tables 3, 4 and 5 relate to sorbents saturated with SDS, DBS or OS, respectively, in the first step, with the two other anionic surfactants and the zwitterionic surfactant Z being tested as the second surfactant. These data indicate that not only did the hydrophobic tails of the identical surfactants interact but the same mutual interaction was also observed for different surfactants. Such a synergistic effect was observed previously, particular when the lengths of both surfactant tails were identical (Myers 1988a ) and led to Q at /C a ratios which were sometimes higher than those observed with a single surfactant. Moreover, the zwitterionic surfactant, which was only poorly adsorbed in the first step (Zghida et al. 2003) , was now adsorbed to a greater extent through hydrophobic interaction and gave the best results relative to the quantity of surfactant introduced. The mutual neutralization of the two opposite charges of Z, resulting in the formation of an internal salt, seemed to play an important role: such interaction was unfavourable towards ionic adsorption in the first step, but favoured self-aggregation in the hemi-micelles in the second step by avoiding charge repulsion. 1.
2.
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Desorption
In contrast to the difficulties observed in desorption of the first layer (Zghida et al. 2003) , desorption of the second layer, either by filtration under vacuum and washing of the saturated support or by vigorous stirring, was very easy in all the cases studied. Where vigorous stirring was employed, Q r again increased to the value previously observed after the first step. At this point, if stirring was discontinued and the medium allow to rest, re-formation of the second layer occurred with a corresponding decrease in Q r .
CONCLUSIONS
Anionic surfactants were easily adsorbed onto cationized lignocellulosic materials via a two-step process involving an initial electrostatic interaction followed by hydrophobic aggregation through the alkyl chains of the surfactant molecules. Many combinations are possible depending on the nature of the surfactant constituting the first or second layer. In terms of the global quantity adsorbed, values between 1.8-and 2.5-times the adsorption capacity were observed in the twostep process. The results obtained indicate that such cationized biosorbents are suitable for the immobilization of surfactants from industrial and domestic wastewaters on low-cost biomaterials. 
